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(57) ABSTRACT 

The invention provides improved methods for synthesizing 
polynucleotides, such as DNA and RNA, using enzymes and 
specially designed nucleotide analogs. Using the methods of 
the invention, specific sequences of polynucleotides can be 
synthesized de novo, base by base, in an aqueous environ 
ment, without the use of a nucleic acid template. Because the 
nucleotide analogs have an unmodified 3'OH, i.e., as found in 
“natural deoxyribose and ribose molecules, the analogs 
result in natural polynucleotides Suitable for incorporation 
into biological systems. 
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METHODS AND APPARATUS FOR 
SYNTHESIZING NUCLECACDS 

RELATED APPLICATIONS 

0001. This application is a continuation-in-part of U.S. 
application Ser. No. 14/056,687, filed on Oct. 17, 2013 which 
claims priority to U.S. Provisional Application Nos. 61/807, 
327, filed Apr. 2, 2013, and 61/891,162, filed Oct. 15, 2013, 
all of which are incorporated by reference in their entireties. 

FIELD OF THE INVENTION 

0002 The invention relates to methods and apparatus for 
synthesizing polynucleotides (de novo) with a desired 
sequence and without the need for a template. As such, the 
invention provides the capacity to make libraries of poly 
nucleotides of varying sequence and varying length for 
research, genetic engineering, and gene therapy. 

BACKGROUND 

0003 Genetic engineering requires tools for determining 
the content of genetic material as well as tools for construct 
ing desired genetic materials. The tools for determining the 
content of genetic material have made it possible to sequence 
an entire human genome in about one day for under S1,000. 
(See Life Technologies, Press Release. Benchtop Ion Pro 
tonTM Sequencer, Jan. 10, 2012). In contrast, the tools for 
constructing desired genetic materials, e.g., de novo DNA 
synthesis, have not improved at the same pace. As a point of 
reference, over the past 25 years, the cost (per base) of denovo 
small nucleic acid synthesis has dropped 10-fold, while the 
cost (per base) of nucleic acid sequencing has dropped over 
10,000,000-fold. The lack of progress in DNA synthesis now 
limits the pace of translational genomics, i.e., whereby the 
role of individual sequence variations are determined and 
used to develop therapeutic treatments. 
0004 Currently, most de novo nucleic acid sequences are 
synthesized using Solid phase phosphoramidite-techniques 
developed more than 30 years ago. The technique involves the 
sequential de-protection and synthesis of sequences built 
from phosphoramidite reagents corresponding to natural (or 
non-natural) nucleic acid bases. Phosphoramidite nucleic 
acid synthesis is length-limited, however, in that nucleic acids 
greater than 200 base pairs (bp) in length experience high 
rates of breakage and side reactions. Additionally, phosphora 
midite synthesis produces toxic by-products, and the disposal 
of this waste limits the availability of nucleic acid synthesiz 
ers, and increases the costs of contract oligo production. (It is 
estimated that the annual demand for oligonucleotide synthe 
sis is responsible for greater than 300,000 gallons of hazard 
ous chemical waste, including acetonitrile, trichloroacetic 
acid, toluene, tetrahydrofuran, and pyridine. See LeProust et 
al., Nucleic Acids Res., vol. 38(8), p. 2522-2540, (2010), 
incorporated by reference herein in its entirety). Thus, there is 
a need for more efficient and cost-effective methods for oli 
gonucleotide synthesis. 

SUMMARY 

0005. The invention provides improved methods for 
nucleic acid synthesis. Methods of the invention provide 
faster and longer de novo synthesis of polynucleotides. As 
such, the invention dramatically reduces the overall cost of 
synthesizing custom nucleic acids. Methods of the invention 
are directed to template-independent synthesis of polynucle 
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otides by using a nucleotidyl transferase enzyme to incorpo 
rate nucleotide analogs having an unmodified 3' hydroxyl 
coupled to an inhibitor by a cleavable linker. Because of the 
inhibitor, synthesis pauses with the addition of each new base, 
whereupon the linker is cleaved, separating the inhibitor and 
leaving a polynucleotide that is essentially identical to a natu 
rally occurring nucleotide (i.e., is recognized by the enzyme 
as a substrate for further nucleotide incorporation). 
0006. The invention additionally includes an apparatus 
that utilizes methods of the invention for the production of 
custom polynucleotides. An apparatus of the invention 
includes one or more bioreactors providing aqueous condi 
tions and a plurality of Sources of nucleotide analogs. The 
bioreactor may be e.g., a reservoir, a flow cell, or a multi-well 
plate. Starting from a solid Support, the polynucleotides are 
grown in the reactor by adding Successive nucleotides via the 
natural activity of a nucleotidyl transferase, e.g., a terminal 
deoxynucleotidyl transferase (TdT) or any other enzyme 
which elongates DNA or RNA strands without template 
direction. Upon cleavage of the linker, a natural polynucle 
otide is exposed on the Solid Support. Once the sequence is 
complete, the Support is cleaved away, leaving a polynucle 
otide essentially equivalent to that found in nature. In some 
embodiments, the apparatus is designed to recycle nucleotide 
analog Solutions by recovering the Solutions after nucleotide 
addition and reusing Solutions for Subsequence nucleotide 
addition. Thus, less waste is produced, and the overall cost per 
base is reduced as compared to state-of-the-art methods. In 
certain embodiments, a bioreactor may include a microfluidic 
device and/or use inkjet printing technology. 
0007. Other aspects of the invention are apparent to the 
skilled artisan upon consideration of the following figures and 
detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0008 FIG. 1A shows a genus of deoxycytidine triphos 
phate (dCTP) analogs having a cleavable terminator linked at 
the N-4 position; 
0009 FIG. 1B shows cleavage of the cleavable terminator 
from a dCTP analog of FIG. 1A to achieve a “natural” dCTP 
and a cyclic leaving molecule; 
0010 FIG. 2A shows a genus of deoxyadenosine triphos 
phate (dATP) analogs having a cleavable terminator linked at 
the N-6 position; 
0011 FIG. 2B shows cleavage of the cleavable terminator 
from a dATP analog of FIG. 2A to achieve a “natural dATP 
and a cyclic leaving molecule; 
0012 FIG. 3A shows a genus of deoxyguanosine triphos 
phate (dGTP) analogs having a cleavable terminator linked at 
the N-2 position; 
0013 FIG. 3B shows cleavage of the cleavable terminator 
from a dGTP analog of FIG. 3A to achieve a “natural” dGTP 
and a cyclic leaving molecule; 
0014 FIG. 4A shows a genus of deoxythymidine triphos 
phate (dTTP) analogs having a cleavable terminator linked at 
the N-3 position; 
0015 FIG. 4B shows cleavage of the cleavable terminator 
from a dTTP analog of FIG. 4A to achieve a “natural dTTP 
and a cyclic leaving molecule; 
0016 FIG. 5A shows a genus of deoxyuridine triphos 
phate (dUTP) analogs having a cleavable terminator linked at 
the N-3 position; 
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0017 FIG. 5B shows cleavage of the cleavable terminator 
from a dUTP analog of FIG. 5A to achieve a dUTP and a 
cyclic leaving molecule; 
0018 FIG. 6 shows an exemplary deoxycytidine triphos 
phate (dCTP) analog having a Staudinger linker connecting a 
blocking Asp-Asp molecule to the N-4 position of the deoxy 
cytidine and Subsequent cleavage of the Staudinger linker 
under aqueous conditions to achieve a dCTP and a leaving 
group; 
0019 FIG. 7A shows a genus of cytidine triphosphate 
(rCTP) analogs having a cleavable terminator linked at the 
N-4 position; 
0020 FIG. 7B shows cleavage of the cleavable terminator 
from a rCTP analog of FIG. 7A to achieve a “natural” rCTP 
and a cyclic leaving molecule: 
0021 FIG. 8A shows a genus of adenosine triphosphate 
(raTP) analogs having a cleavable terminator linked at the 
N-6 position; 
0022 FIG. 8B shows cleavage of the cleavable terminator 
from an raTP analog of FIG. 8A to achieve a “natural raTP 
and a cyclic leaving molecule: 
0023 FIG. 9A shows n genus of guanosine triphosphate 
(rGTP) analogs having a cleavable terminator linked at the 
N-2 position; 
0024 FIG.9B shows cleavage of the cleavable terminator 
from a rGTP analog of FIG. 9A to achieve a “natural rCTP 
and a cyclic leaving molecule: 
0025 FIG. 10A shows a genus of thymidine triphosphate 
(rTTP) analogs having a cleavable terminator linked at the 
N-3 position; 
0026 FIG. 10B shows cleavage of the cleavable termina 
tor from a rTTP analog of FIG. 10A to achieve a “natural 
rTTP and a cyclic leaving molecule: 
0027 FIG. 11A shows a genus of uridine triphosphate 
(rUTP) analogs having a cleavable terminator linked at the 
N-3 position; 
0028 FIG. 11B shows cleavage of the cleavable termina 
tor from a rUTP analog of FIG. 11A to achieve a rUTP and a 
cyclic leaving molecule; 
0029 FIG. 12 shows an exemplary cytidine triphosphate 
(rCTP) analog having a Staudinger linker connecting a block 
ing Asp-Asp molecule to the N-4 position of the cytidine and 
Subsequent cleavage of the Staudinger linker under aqueous 
conditions to achieve a rCTP and a leaving group; 
0030 FIG. 13 shows an exemplary terminal deoxynucle 
otidyl transferase (TdT) mediated polynucleotide synthetic 
cycle, including: (a) incorporation of a nucleotide triphos 
phate analog comprising cleavable terminator, dNTP-OH, 
and (b) removal of the terminating blocking group (indicated 
by *), thus enabling the next dNTP-OH to be incorporated, 
wherein N=A, G, C, or T. 
0031 FIG. 14 shows an exemplary nucleotide analog with 
a cleavable linker comprising a variable number of methylene 
bridges; 
0032 FIG. 15 shows an exemplary nucleotide analog with 
a cleavable linker comprising a cysteine residue, 
0033 FIG. 16A shows an exemplary nucleotide analog 
with an anionic inhibitor comprising a single phosphate 
group; 
0034 FIG. 16B shows an exemplary nucleotide analog 
with an anionic inhibitor comprising two phosphate groups; 
0035 FIG. 16C shows an exemplary nucleotide analog 
with an anionic inhibitor comprising three phosphate groups; 
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0036 FIG. 17 shows an exemplary microfluidic poly 
nucleotide synthesis device. 

DETAILED DESCRIPTION 

0037. The invention provides improved methods for syn 
thesizing polynucleotides, such as DNA and RNA, using 
enzymes and nucleic acid analogs. Using the disclosed meth 
ods, specific sequences of polynucleotides can be synthesized 
de novo, base by base, in an aqueous environment, without 
the use of a nucleic acid template. Additionally, because the 
nucleotide analogs have an unmodified 3' hydroxyls, i.e., as 
found in “natural deoxyribose and ribose molecules, the 
analogs result in “natural nucleotides when an inhibitor, 
attached via a cleavable linker, is removed from the base. 
Other nucleotide analogs can also be used which, for 
example, include self-eliminating linkers, or nucleotides with 
modified phosphate groups. In most instances, the blocking 
group is designed to not leave behind Substantial additional 
molecules, i.e., designed to leave behind “Scarless nucle 
otides that are recognized as “natural nucleotides by the 
enzyme. Thus, at the conclusion of the synthesis, upon 
removal of the last blocking group, the synthesized poly 
nucleotide is chemically and structurally equivalent to the 
naturally-occurring polynucleotide with the same sequence. 
The synthetic polynucleotide can, thus, be incorporated into 
living systems without concern that the synthesized poly 
nucleotide will interfere with biochemical pathways or 
metabolism. 
0038. The process and analogs of the current invention can 
be used for the non-templated enzymatic synthesis of useful 
oligo- and oligodeoxynucleotides especially of long oligo 
nucleotides (<5000 nt). Products can be single strand or par 
tially double strand depending upon the initiator used. The 
synthesis of long oligonucleotides requires high efficiency 
incorporation and high efficiency of reversible terminator 
removal. The initiator bound to the solid support consists of a 
short, single strand DNA sequence that is either a short piece 
of the user defined sequence or a universal initiator from 
which the user defined single strand product is removed. 
0039. In one aspect, the disclosed methods employ com 
mercially-available nucleotidyl transferase enzymes, such as 
terminal deoxynucleotidyl transferase (TdT), to synthesize 
polynucleotides from nucleotide analogs in a step-by-step 
fashion. The nucleotide analogs are of the form: 

0040. NTP-linker-inhibitor 
wherein NTP is a nucleotide triphosphate (i.e., a dNTP or an 
rNTP), the linker is a cleavable linker between the pyridine or 
pyrimidine of the base, and the inhibitor is a group that 
prevents the enzyme from incorporating Subsequent nucle 
otides. At each step, a new nucleotide analog is incorporated 
into the growing polynucleotide chain, whereupon the 
enzyme is blocked from adding an additional nucleotide by 
the inhibitor group. Once the enzyme has stopped, the excess 
nucleotide analogs can be removed from the growing chain, 
the inhibitor can be cleaved from the NTP, and new nucleotide 
analogs can be introduced in order to add the next nucleotide 
to the chain. By repeating the steps sequentially, it is possible 
to quickly construct nucleotide sequences of a desired length 
and sequence. Advantages of using nucleotidyl transferases 
for polynucleotide synthesis include: 1) 3'-extension activity 
using single strand (SS) initiating primers in a template-inde 
pendent polymerization, 2) the ability to extend primers in a 
highly efficient manner resulting in the addition of thousands 
of nucleotides, and 3) the acceptance of a wide variety of 
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modified and substituted NTPs as efficient substrates. In addi 
tion, the invention can make use of an initiator sequence that 
is a substrate for nucleotidyl transferase. The initiator is 
attached to a solid Support and serves as a binding site for the 
enzyme. The initiator is preferably a universal initiator for the 
enzyme, such as a homopolymer sequence and is recyclable 
on the solid Support, the formed oligonucleotide being cleav 
able from the initiator. 

0041 Methods of the invention are well-suited to a variety 
of applications that currently use synthetic nucleic acids, e.g., 
phosphoramidite-synthesized DNA oligos. For example, 
polynucleotides synthesized with the methods of the inven 
tion can be used as primers for nucleic acid amplification, 
hybridization probes for detection of specific markers, and for 
incorporation into plasmids for genetic engineering. How 
ever, because the disclosed methods produce longer synthetic 
strings of nucleotides, at a faster rate, and in an aqueous 
environment, the disclosed methods also lend themselves to 
high-throughput applications, such as screening for expres 
sion of genetic variation in cellular assays, as well as synthetic 
biology. Furthermore, the methods of the invention will pro 
vide the functionality needed for next-generation applica 
tions, such as using DNA as synthetic read/write memory, or 
creating macroscopic materials synthesized completely (or 
partially) from DNA. 

0042. The invention and systems described herein provide 
for synthesis of polynucleotides, including deoxyribonucleic 
acids (DNA) and ribonucleic acids (RNA). While synthetic 
pathways for “natural nucleotides, such as DNA and RNA, 
are described in the context of the common nucleic acid bases, 
e.g., adenine (A), guanine (G), cytosine (C), thymine (T), and 
uracil(U), it is to be understood that the methods of the inven 
tion can be applied to so-called “non-natural nucleotides, 
including nucleotides incorporating universal bases such as 
3-nitropyrrole 2'-deoxynucloside and 5-nitroindole 2'-deoxy 
nucleoside, alpha phosphorothiolate, phosphorothioate 
nucleotide triphosphates, or purine or pyrimidine conjugates 
that have other desirable properties, such as fluorescence. 
Other examples of purine and pyrimidine bases include pyra 
Zolo 3,4-dipyrimidines, 5-methylcytosine (5-me-C), 5-hy 
droxymethyl cytosine, Xanthine, hypoxanthine, 2-aminoad 
enine, 6-methyl and other alkyl derivatives of adenine and 
guanine, 2-propyl and other alkyl derivatives of adenine and 
guanine, 2-thiouracil, 2-thiothymine and 2-thiocytosine, 
5-propynyl uracil and cytosine, 6-azo uracil, cytosine and 
thymine, 5-uracil (pseudouracil), 4-thiouracil, 8-halo (e.g., 
8-bromo), 8-amino, 8-thiol, 8-thioalkyl, 8-hydroxyl and other 
8-Substituted adenines and guanines, 5-halo particularly 
5-bromo, 5-trifluoromethyl and other 5-substituted uracils 
and cytosines, 7-methylguanine and 7-methyladenine, 8-aza 
guanine and 8-azaadenine, deazaguanine, 7-deazaguanine, 
3-deazaguanine, deazaadenine, 7-deazaadenine, 3-deaZaad 
enine, pyrazolo 3,4-dipyrimidine, imidazo 1.5-a1.3.5 tri 
aZinones, 9-deazapurines, imidazo[4,5-dipyrazines, thiazolo 
4,5-dipyrimidines, pyrazin-2-ones, 1,2,4-triazine, 
pyridazine; and 1.3.5 triazine. In some instances, it may be 
useful to produce nucleotide sequences having unreactive, 
but approximately equivalent bases, i.e., bases that do not 
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react with other proteins, i.e., transcriptases, thus allowing the 
influence of sequence information to be decoupled from the 
structural effects of the bases. 

Analogs 

0043. The invention provides nucleotide analogs having 
the formula NTP-linker-inhibitor for synthesis of polynucle 
otides in an aqueous environment. With respect to the analogs 
of the form NTP-linker-inhibitor, NTP can be any nucleotide 
triphosphate, such as adenosine triphosphate (ATP), gua 
nosine triphosphate (GTP), cytidine triphosphate (CTP), thy 
midine triphosphate (TTP), uridine triphosphate (UTP), 
nucleotide triphosphates, deoxyadenosine triphosphate 
(dATP), deoxyguanosine triphosphate (dGTP), deoxycyti 
dine triphosphate (dCTP), deoxythymidine triphosphate 
(dTTP), or deoxyuridine triphosphate (dUTP). 
0044) The linker can be any molecular moiety that links 
the inhibitor to the NTP and can be cleaved. For example, the 
linkers can be cleaved by adjusting the pH of the Surrounding 
environment. The linkers may also be cleaved by an enzyme 
that is activated at a given temperature, but inactivated at 
another temperature. In some embodiments, the linkers 
include disulfide bonds. 

0045 Linkers may, for example, include photocleavable, 
nucleophilic, or electrophilic cleavage sites. Photocleavable 
linkers, wherein cleavage is activated by a particular wave 
length of light, may include benzoin, nitroveratryl, phenacyl, 
pivaloyl, Sisyl, 2-hydroxy-cinamyl, coumarin-4-yl-methyl, 
or 2-nitrobenzyl based linkers. 
0046 Examples of nucleophilic cleavage sites include 
fluoride ion cleavable silicon-oxygen bonds or esters which 
may be cleaved in a basic solution. Electrophilically cleaved 
linkers may include acid induced cleavage sites which may 
comprise trityl, tert-butyloxycarbonyl groups, acetal groups, 
and p-alkoxybenzyl esters and amides. In certain aspects, a 
cleavable linker may include a cysteine residue as shown in 
FIG. 15. 

0047. The linker can be attached, for example, at the N4 of 
cytosine, the N3 or 04 of thymine, the N2 or N3 of guanine, 
and the N6 of adenine, or the N3 or 04 of uracil because 
attachment at a carbon results in the presence of a residual 
scar after removal of the polymerase-inhibiting group. The 
linker is typically on the order of at least about 10 Angstroms 
long, e.g., at least about 20 Angstroms long, e.g., at least about 
25 Angstroms long, thus allowing the inhibitor to be far 
enough from the pyridine or pyrimidine to allow the enzyme 
to bind the NTP to the polynucleotide chain via the attached 
Sugar backbone. In some embodiments, the cleavable linkers 
are self-cyclizing in that they form a ring molecule that is 
particularly non-reactive toward the growing nucleotide 
chain. 

0048. In certain aspects, a cleavable linker may include a 
variable number of methylene bridges on the NTP or the 
inhibitor side of a disulfide bond, including, for example, 1, 2, 
3, or 4 methylene bridges as shown in FIGS. 14 and 16A-C. 
These methylene bridges may be used to increase the space 
between the NTP and the inhibitor. As noted above, the length 
of the cleavable linker may be selected in order to prevent the 
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inhibitor from interfering with coupling of the NTP to the 
synthesized polynucleotide. In some embodiments of the 
invention, the distance of the charged group to the NTP plays 
an important role in the effectiveness of inhibiting a subse 
quent nucleotide incorporation. 
0049. For example, in some embodiments using a charged 
moiety as an inhibitor, the charged moiety may be from about 
5 to about 60 bonds away from the NTP. In some other 
embodiments, the charged moiety of the inhibitor may be 
from about 10 to about 40 bonds away from the NTP. In some 
other embodiments, the charged moiety of the inhibitor can 
be from about 10 to about 35 bonds away from the NTP. In 
some other embodiments, the charged moiety of the inhibitor 
may be from about 10 to about 30 bonds away from the NTP. 
In some other embodiments, the charged moiety of the inhibi 
tor is from about 10 to about 20 bonds away from the NTP. 
The number of bonds between the charged moiety and the 
NTP may be increased by including additional methylene 
bridges. 
0050. The nucleotide analogs can include any moiety 
linked to the NTP that inhibits the coupling of subsequent 
nucleotides by the enzyme. The inhibitory group can be a 
charged group, such as a charged amino acid, or the inhibitory 
group can be a group that becomes charged depending upon 
the ambient conditions. In some embodiments, the inhibitor 
may include a moiety that is negatively charged or capable of 
becoming a negatively charged. For example, an inhibitor 
may include a chain of phosphate groups (e.g., 1, 2, or 3. 
phosphates) as shown in FIGS. 16A-C, wherein additional 
phosphates increase the overall anionic charge of the inhibi 
tor. In other embodiments, the inhibitor group is positively 
charged or capable of becoming positively charged. In some 
other embodiments, the inhibitoris an amino acid oran amino 
acid analog. The inhibitor may be a peptide of 2 to 20 units of 
amino acids or analogs, a peptide of 2 to 10 units of amino 
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acids or analogs, a peptide of 3 to 7 units of amino acids or 
analogs, a peptide of 3 to 5 units of amino acids or analogs. In 
Some embodiments, the inhibitor includes a group selected 
from the group consisting of Glu, Asp, Arg, His, and Lys, and 
a combination thereof (e.g., Arg, Arg-Arg, Asp, Asp-Asp, 
Asp, Glu, Glu-Glu, Asp-Glu-Asp, Asp-Asp-Glu or 
AspAsp-Asp-Asp, etc.). Peptides or groups may be combina 
tions of the same or different amino acids or analogs. In 
certain embodiments, a peptide inhibitor may be acetylated to 
discourage errant bonding of free amino groups. The inhibi 
tory group may also include a group that reacts with residues 
in the active site of the enzyme thus interfering with the 
coupling of Subsequent nucleotides by the enzyme. The 
inhibitor may have a charged group selected from the group 
consisting of —COO. —NO. —PO. —PO. —SO, or 
—NR where each R may be H or an alkyl group. In other 
embodiments, the inhibitor moiety does not comprise a 
—PO4 group. 
0051. An example of a nucleotide analog of the type NTP 
linker-inhibitor is shown in FIG. 1A. The analog in FIG. 1A 
includes an inhibitory (-Asp-Asp-) group linked to the N4 
position of dCTP through a disulfide ( S S ) bond while 
providing an unblocked, unmodified 3'-OH on the Sugar ring. 
The linker is constructed Such that all linker atoms (including 
the 2nd incorporation-inhibiting moiety) can be removed, 
thereby allowing the nascent DNA strand to revert to natural 
nucleotides. As shown in FIG. 1B, an aqueous reducing agent, 
such as tris(2-carboxyethyl) phosphine (TCEP) or dithio 
threitol (DTT), can be used to cleave the S–S bond, 
resulting in the loss of the inhibitor function (deblocking). As 
shown in FIG. 1B, a self-cyclizing linker can be incorporated, 
resulting in a cyclic oxidized tetrahydrothiophene leaving 
group that is easily removed from the reagent Solution at the 
conclusion of nucleotide synthesis. 
0.052 Exemplary schemes for synthesizing dCTP analogs 
of FIG. 1A are shown below in Schemes 1A and 1B: 

Scheme 1A 

O 

S ... -- k 
NN 

HO 1s 
N O 

O 

OH 

1) TCEP in HO (20° C.) 
2) Anhydrous DMF (20°C.)HS 

OH 
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0053. In a fashion analogous to Schemes 1A and 1B, 
nucleotide analogs of the type NTP-linker-inhibitor can also 
be formed by attaching the linker-inhibitor moiety to the N6 
of adenine (FIG. 2), the N2 of guanine (FIG. 3), the N3 of 
thymine (FIG. 4), or the N3 of uracil (FIG. 5), thereby pro 
viding analogs of the “naturally-occurring dNTPs, as well as 
a deoxyuracil nucleotide (dUTP). While it is unlikely that 

there will be wide use of a dUTP, the synthesis is straightfor 
ward based upon the chemistry. 
0054 The invention is not limited to the linking chemistry 
of Schemes 1A and 1B, however, as carbamate, amide, or 
other self-eliminating linkages could also be employed. For 
example, nucleotides can also be prepared with Staudinger 
linkers, as shown in Scheme 2. 

Scheme 2 

O O GE) O O 
3.5 eq NaBr, 1.2 eq NaNOS 
-e- 

HO OH 2.5 MH2SO4 HO OH 
2.5 MH2SO4(20° C.) 

NH2 N 

NHSDCC 
Anhydrous DMF (20° C.) 

O O O 

O O O 

N-O NH 
1) dC 

N a- N-O OH 
3 n N 2) NHS/DCC 

O N 

O 
HO N O 

O 

HO 

1) Amino Hexanoic Acid in anhydrous DMF (20°C) 
2) POCl3(20° C.) 
3) Pyrophosphate in PO(OCH3)3(-15°C.-0° C.) 
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OH 
N ~~~ 

1)NHS/DCC 
2) Asp-Asp 
Anhydrous DMF (20° C.) 

0055. A deoxycytidine triphosphate (dCTP) analog cre 
ated with a Staudinger linker (Scheme 2) to an Asp-Asp 
blocking group is shown in FIG. 6. As shown in FIG. 6, the 
Staudinger dCTP analog undergoes cleavage under aqueous 
conditions with the addition of azide and triphenylphosphine. 
The Staudinger analog shown in FIG. 6 is also suitable for 
nucleotide extension using nucleotidyl transferases, such as 
TdT, as described above and exemplified in FIGS. 1-5. While 
not shown explicitly in the FIGS., one of skill in the art can 
use Scheme 2 in conjunction with the suitable reactant to 
produce other nucleotide analogs having Staudinger linkers 
as needed for complete de novo nucleotide synthesis. In a 
fashion analogous to FIG. 6, nucleotide analogs of Scheme 2 
can beformed by attaching the Staudinger moiety to the N6 of 
adenine, the N2 of guanine, the N3 of thymine, or the N3 of 
uracil, thereby providing analogs of the “naturally-occur 
ring dNTPs, as well as a deoxyuracil nucleotide (dUTP). 
0056. The methodologies of Scheme 1A can be used to 
produce corresponding ribonucleotide analogs, e.g., as 
shown in FIGS. 7-10, by starting with the appropriate ribo 
nucleotide reactants. Ribonucleotide analogs comprising the 
Staudinger linker can also be created using Scheme 2 in order 
to form the needed ribonucleotide analogs, including, e.g., 
CTP analogs, as shown in FIG. 12. Furthermore, all of the 
ribonucleotide analogs, i.e., C. A. T. G., U. can be formed 
using a reaction similar to Scheme 2. 

Enzymes 

0057 The methods of the invention employ nucleotidyl 
transferases to assemble the nucleotide analogs into poly 

nucleotides. Nucleotidyltransferases include several families 
of related transferase and polymerase enzymes. Some nucle 
otidyl transferases polymerize deoxyribonucleotides more 
efficiently than ribonucleotides, some nucleotidyl trans 
ferases polymerize ribonucleotides more efficiently than 
deoxyribonucleotides, and Some nucleotidyl transferases 
polymerize ribonucleotides and deoxyribonucleotides at 
approximately the same rate. 
0.058 Of particular import to the invention, transferases 
having polymerase activity, Such as terminal deoxynucleoti 
dyl transferase (TdT), are capable of catalyzing the addition 
of deoxyribonucleotides to the 3' end of a nucleotide chain, 
thereby increasing chain length in DNA nucleotides. TdT will 
only catalyze the addition of 1-2 ribonucleotides to the grow 
ing end of a DNA strand which could be useful in the con 
struction of site specific DNA-RNA chimeric polynucle 
otides. In particular, calf thymus TodT, sourced from 
engineered E. coli, is suitable for use with the invention and 
available from commercial sources such as Thermo Scientific 
(Pittsburgh, Pa.). The amino acid sequence corresponding to 
calf TdT is listed in Table 1 as SEQID NO. 1. 

TABLE 1. 

Amino Acid Sequence of Bovine TaT 

SEO ID NO. 1: 
MAOOROHORL PMDPLCTASS GPRKKRPROV GASMASPPHD 

IKFONLVLFI LEKKMGTTRR NFLMELARRK GFRVENELSD 

SWTHIVAENN SGSEWLEWLO WONIRASSOL ELLDWSWLIE 
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TABLE 1 - continued 

Amino Acid Sequence of Bovine TaT 

SMGAGKPWEI 

ISOYACORKT 

TFMRAASWLK 

EDGESSEWKA 

GFRSLSKIMS 

AWGWLWKEAW 

SPGSAEDEEQ 

PSROVDTLDH 

IRVDLVMCPY 

MLDNHALYDK 

The nucleotide sequence corresponding to calf TaT is listed 

TGKHOLVVRT 

TLNNYNHIFT 

SLPFTIISMK 

WLNDERYOSF 

WAFLPDAFWT 

LLPKWINLWE 

FOKCFLILKL 

ENRAFALLGW 

TKRWFLKAES 

in Table 2 as SEQID NO. 2. 

DYSATPNPGF 

DAFEILAENS 

DTEGIPCLGD 

KAGFLYYEDL 

MTGGFRRGKK 

KKGILLYYDL 

HHORVDSSKS 

TGSROFERDI 

EEEIFAHLGL 

TABLE 2 

OKTPPLAWKK 

EFKENEWSYW 

KWKCIIEEII 

LKTSEKWFRM 

WSCVTRAEAE 

IGHDWDFLIT 

WESTFEKFKL 

NOOEGKTWKA 

RRYATHERKM 

DYIEPWERNA 

Nucleic Acid Sequence of Bovine TaT 

SEO ID NO. 
Ctcttctgga 

atcagcgt.ct 

aggcc ct cqg 

atggcct coc 

t cott citt cat 

aaact tcctic 

gttgaaaatg 

cagaaaacaa 

ggtacagaac 

gatgtct cot 

Cagtggagat 

agact attca 

ccaccacttg 

aaagaaaaac 

ggatgcctitt 

gaaaatgaag 

ctgtact taa 

ggatacagaa 

tgitat catag 

aagttaaagc 

caaactictitt 

tctgagaaat 

2 : 
gataccactt 

tcc catggat 

aagaa.gagac 

ctic ct catga 

tittggagaag 

atggagctgg 

agcticagtga 

citctggttca 

atalaga.gc.ca 

ggctgat Ca 

tacaggaaaa 

gct accc caa 

ctgtaaaaaa 

cactittgaac 

gagat actgg 

t ct cittatgt 

atctotgc.ca 

ggaattic cct 

aggaaattat 

tgttgttaaat 

actitctgttt 

ggttcaggat 

gatgg cacag 

cc.gctgtgca 

cCaggcaggt 

catcaagttt 

aaaatgggaa 

Ctcgaaggaa 

ttctgtcacc 

gaggttcticg 

gct cqcagct 

aagtatggga 

caccagottg 

acc caggctt 

gat ct cocag 

alactatalacc 

ctgaaaattic 

gacatttatg 

ttcacaatca 

gcctggggga 

tgaagatgga 

gatgaacgat 

ttggagtggg 

ggggttcaga 

Cagaggcago 

cagcc tic ct c 

gggtgcctica 

caaaatttgg 

ccaccc.gcag 

aggttt Cagg 

cacattgtag 

agtggct tca 

agaactic citt 

gcaggaaaac 

ttgtgagaac 

ccagaagact 

tacgc.gtgtc. 

acatatt CaC 

tgagtttaaa 

agagcagctt 

tdag tatgaa 

Caaggtgaag 

gaaagttctg 

atcagtic citt 

actgaagaca 

totctgagta 

Dec. 11, 2014 

TABLE 2 - continued 

Nucleic Acid Sequence of Bovine TaT 

aaataatgtc. agacaaaacc ctdaaattica caaaaatgca 

gaaag.cagga titt ct citatt atgaagacct tdt cagotgc 

gtgacCaggg ccgaagcaga ggcggttggc gtgctggitta 

aagaggctgt gtgggcattt Ctgc.cggatg cctttgtcac 

Catgacagga ggatt Cogca ggggtaagaa gattgggcat 

gatgtagatt ttittaattac Cagcc cagga t cagcagagg 

atgaagagca acttittgcct aaagtgataa act tatggga 

aaaaaaggga t tacttitt at attatgacct tdtggagtca 

acatttgaaa agttcaagtt gccaa.gcagg caggtggata 

ctittagat catttitcaaaaa togctttctga ttittaaaatt 

gcaccatcag agagtagaca gtagcaa.gtc. Calaccagcag 

gaaggaaaga Cctggaaggc catc.cgtgtg gacctggitta 

tgtgcc ccta Cagalaccgt gcc tittgc.cc tictaggctg 

gactggct Co. c99cagtttg agagaga cat CC9gcgctat 

gcc acacacg agcggaagat gatgctggat aaccacgctt 

tatatgacaa gaccalagagg gtatttctica aag.cggaaag 

tgaagaagaa at Ctttgcac atctgggatt ggact acatt 

galaccatggg aaagaaatgc titaggagaaa gCtgtcaact 

tttittcttitt ctdttcttitt titt Caggitta gacaaattat 

gct tcatatt ataatgaaag atgcct tagt caagtttggg 

attctttaca ttttaccaag atgtagattig cittctagaaa 

talagtagttt tdaaacgtg at Caggcacc C cctgggitta 

tgctctggca agc catttgc aggactgatgttagaactic 

gcaatgcatt titc catagala acagtgttgg aattggtggc 

t cattt coag gigaagttcat caaag.cccac tittgcc.caca 

gtgtagctga aatactgt at acttgccaat aaaaatagga 

aac 

0059 While commercially-available TdT is suitable for 
use with the methods of the invention, modified TodT, e.g., 
having an amino acid sequence at least 95% in common with 
SEQID NO. 1, e.g., having an amino acid sequence at least 
98% in common with SEQID NO. 1, e.g., having an amino 
acid sequence at least 99% in common with SEQID NO. 1, 
may be used with the methods of the invention. An organism 
that expresses a suitable nucleotidyl transferase may com 
prise a nucleic acid sequence at least 95% in common with 
SEQ ID NO. 2, e.g., at least 98% in common with SEQ ID 
NO. 2, e.g., at least 99% in common with SEQID NO. 2. In 
some instances, a modified TclT will result in more efficient 
generation of polynucleotides, or allow better control of chain 
length. Other modifications to the TaT may change the 
release characteristics of the enzyme, thereby reducing the 
need for aqueous reducing agents such as TCEP or DTT. 
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0060 For the synthesis of RNA polynucleotides, a nucle- TABLE 4 
otidyltransferase like E. coli poly(A)polymerase can be used 
to catalyze the addition of ribonucleotides to the 3' end of a Nucleotide Sequence of E. coli Poly(A) polymerase 
ribonucleotide initiator. In other embodiments, E. coli poly SEO ID NO. 4: 
(U) polymerase may be more suitable for use with the meth- atttitt accc gag togctaa tttittgcc.gc aaggtgctaa 
ods of the invention. Both E. coli poly(A) polymerase and E. gcc.gcgagga aag.cgaggct galacaggcag togc.ccgt.cc 
coli poly(U) polymerase are available from New England 
Biolabs (Ipswich, Mass.). These enzymes may be used with acaggtgacg gtgat cocgc gtgagcagca totattt CC 
3'unblocked reversible terminator ribonucleotide triphos 
phates (rNTPs) to synthesize RNA. In certain embodiments, cgcaaagata t cagtgaaaa tocctgaag gtaatgtaca 
RNA may be synthesized using 3'blocked, 2 blocked, or ggct caataa agcgggatac gaa.gc.ctggc tiggttggcgg 
2'-3'blocked rNTPs and poly(U) polymerase or poly(A)poly 
merase. The amino acid and nucleotide sequences for E. coli cggcgtgcgc gacctgttac ttggcaaaaa gocgaaagat 
Poly(A) polymerase and E. coli Poly(U) polymerase are 
reproduced below. Modified E. coli Poly(A)polymerase or E. 
coli Poly(U) polymerase may be suitable for use with the aactgttc.cg taactgcc.gc ctggtgggtc gcc.gttt cog 
methods of the invention. For example, an enzyme, having an 
amino acid sequence at least 95% in common with SEQ ID 
NO. 3, e.g., having an amino acid sequence at least 98% in 
common with SEQ ID NO. 3, e.g., having an amino acid 
sequence at least 99% in common with SEQID NO. 3, may be gcacgacct C C Caacgcggg caaaacggca tittgctg.cg 
used with the methods of the invention. An organism that 
expresses a Suitable enzyme may comprise a nucleic acid 

tittgacgtaa C Cactaacgc cacgc.ctgag caggtgcgca 

tctggct cat gtaatgtttg gcc.cggagat tat caagtt 

gcgacCttico gtgga cacca Caaggtaac git cagcgacc 

cgacaa.catt ttcggctic catcgaagaaga cqc cc agcgc 

sequence at least 95% in common with SEQID NO. 4, e.g., at cgcgattt ca citat caacag cctgt attac agcgtagcgg 
least 98% in common with SEQID NO. 4, e.g., at least 99% 
in common with SEQ ID NO. 4. Alternatively, an enzyme attitt accgt CC9tgattac gttggcggca taaggat.ct 
having an amino acid sequence at least 95% in common with 
SEQID NO. 5, e.g., having an amino acid sequence at least 
98% in common with SEQ ID NO. 5, C.9. having an amino cgctaccgtg aagat.ccggit acg tatgctg. c.gc.gcgg tac 
acid sequence at least 99% in common with SEQID NO. 5, 
may be used with the methods of the invention. An organism 
that expresses a suitable enzyme may comprise a nucleic acid 
sequence at least 95% in common with SEQID NO. 6, e.g., at 
least 98% in common with SEQID NO. 6, e.g., at least 99% atc.ccaccgg cacgc.ctgtt tdaagaatcg cittaaactgc 
in common with SEQID NO. 6. 

gaaggacggc gttatcc.gtc. tattggtaa ccc.ggaaacg 

gttittgcc.gc caaattgggt atgcgcatca gcc.cggaaac 

cgcagaac cq atc cct cqcc ticgct accct gctgaacgat 

tacaag.cggg ctacggittac gaalacctata agctgttgttg 

TABLE 3 tgaatat cat citgttccago cqctgttc.cc gaccattacc 

Amino Acid Sequence of E. coli Poly(A) polymerase cgctact tca C9gaaaatgg cacago Ccg atggagcgga 

SEO ID NO. 3: 
MFTRVANFCR KVLSREESEA EQAVARPOVT WIPREOHAIS t cattgaaca ggtgctgaag aat accgata cqcgitat coa 

RKDISENALK WMYRLINKAGY EAWLWGGGWR DLLLGKKPKD taacgatatg cgc.gtgaacc C9gcgttcct gtttgcc.gc.c 

FDWTTNATPE OVRKLFRNCR LVGRRFRLAH VMFGPEIIEV atgttctggit accCactgct ggagacggca Cagaagat.cg 

ATFRGHHEGN. VSDRTTSORG ONGMLLRDNI FCSIEEDAOR CCC aggaaag C9gcctgacc tat cacgacg Ctttcgc.gct 

RDFTINSLYY SWADFTWRDY WGGMKDLKIDG WIRLIGNPET ggcgatgaac gacgtgctgg acgaa.gc.ctg. cc.gttcactg 

RYREDPWRML RAWRFAAKLG MRISPETAEP IPRLATLLND gcaatc.ccga aacgtctgac gacattalacc cqcgatat ct 

IPPARLFEES LKLLOAGYGY ETYKLLCEYH LFOPLFPTIT ggcagttgca gttgcgtatgtc.ccgt.cgt.c agggit aaacg 

RYFTENGDSP MERIIEOVLK NTDTRIHNDM RVNPAFLFAA cgcatggaala Ctgctggagc atcctaagtt CC9tgcggct 

MFWYPLLETA QKIAQESGLT YHDAFALAMN DVLDEACRSL tatgacctgt tdcCttgcg agctgaagtt gagcgtaacg 

AIPKRLTTLT RDIWOLOLRM SRROGKRAWK LLEHPKFRAA Ctgaactgca gcgtctggtgaaatggtggg gtgagttcca 

YDLLALRAEW ERNAELORLV KWWGEFOWSA PPDOKGMLNE ggtttcc.gcg ccaccagacic aaaaagggat gct Caacgag 

LDEEPSPRRR TRRPRKRAPR REGTA 
Ctggatgaag aaccgtcacc gcgt.cgt.cgt act cqtcgt.c 

cacgcaaacg cgcaccacgt. c9tgagggta CC9 catga 
The nucleotide sequence corresponding to E. coli poly(A) 
polymerase is listed in Table 4 as SEQID NO. 4. 
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TABLE 5 

Amino Acid Sequence of E. coli Poly (U) polymerase 

SEO ID NO. 5 : 
GSHMSYOKVP NSHKEFTKFC 
LDTLRLCLKR ISPDAELWAF 

DSRVOSDTIA LOFYEELIAE 
TKNGFGASFO CDIGFNNRLA 
WLLVKHWAKR KOINSPYFGT 
PVFPNLLLSP LKOEKIVDGF 
GSLLHGFFRF YAYKFEPREK 

ATEHTGSADQ IIKDRYILAI 
RIRGEFMAAS RLLNSRSYPI 

YEWYNEIKIS 
GSLESGLALK 

GFEGKFLORA 
IHNTILLSSY 
LSSYGYWLMW 
DWGFDDKLED 
WWTFRRPDGY 
EDPFEISHNW 
PYDSLFEEA 

DKEFKEKRAA 
NSDMDLCWLM 
RIPIIKLTSD 
TKLDARLKPM 
LYYLIHWIKIP 

IPPSONYSSL 
LTKOEKGWTS 
GRTWSSSGLY 

The nucleotide sequence corresponding to E. coli poly(U) 
polymerase is listed in Table 6 as SEQID NO. 6. 

TABLE 6 

Nucleotide Sequence of E. coli Poly(A) polymerase 

SEO ID NO. 6: 
ggcagc.cat a tigagctato a 
aagaatttac caaattittgc 
taaaattagc gataaagaat 
Ctggataccc togcctgtg 
atgcggaact ggtggcgttt 
ggcgctgaaa alacagcgata 
gatagcc.gc.g. tcagagcga 
atgaagaact gattgcggaa 
gcago.gc.gcg cgcatt.ccga 
accaaaaacg gctittggcgc 
gctittaacaa cc.gc.ctggcg 
gag cagot at accaaactgg 
gtgctgctgg taalacattg 
acago'ccgta ttittggcacc 
gctgatggtg Ctgtatt at C 
ccggtgtttic cqaacct gct 
aaaaaattgt ggatggctitt 
actggaagat attcc.gc.cga 
ggcagcctgc tigcatggctt 
aatttgaac C gcgcgaaaaa 
ggatggctat Ctgaccaaac 
gcgaccgaac at accggcag 
atcgctatat tctggcgatt 
c catalacgtgggcc.gcaccg 
cgcatt.cgcg gcgaattitat 
acago cqcag citatic cqatt 
agaag.cg 

aacago cata 
ataacgaaat 
acgc.gcggcg 
attagc.ccgg 
aaag.cggcct 
cgtgctgatg 
ctgcagttitt 
gcaaatttct 
gaccagcgat 
tgcgatattg 
cc ctdctgct 
gaaaccgatg 
aaacagatta 
atggctatgt 
gattaaaccg 
ctgaaac agg 
ttgatgataa 
tagcagcctg 
tatgcgtata 
tt cqc cqccc 
Ctggaccagc 
attattaaag 
ttgaaattag 
cggcctgtat 
cgc.ctgctga 
gcctgtttga 

gaaagtgcc.g 
tatgaagtgt 
ttaaagaaaa 
Cctgaaacgc 
ggCagcCtgg 
tggatctgtg 
taccattgcg 
ggctttgaag 
tt attaalact 

gagctitt cag 
att Catalaca 

atgcgc.gc.ct 
ggcgaaacgc 
Ctgagcagct 
tgatt catgt 
gctgagc.ccg 
gatgttgggct 
gcc agaact a 
tttitcgctitt 
gtggtgacct 
aggaaaaagg 
cgcggat cag 
gaagat.ccgt. 
tgagcagcag 
ggcgg.cgagc 
ccg tatgata 

0061. As discussed above, the inhibitor coupled to the 
nucleotide analog will cause the transferase, e.g., TclT, to not 
release from the polynucleotide or prevent other analogs from 
being incorporated into the growing chain. A charged moiety 
results in better inhibition, however, research Suggests that 
the specific chemical nature of the inhibitor is not particularly 
important. For example, both phosphates and acidic peptides 
can be used to inhibit enzymatic activity. See, e.g., Bowers et 
al., Nature Methods, vol. 6, (2009) p. 593-95, and U.S. Pat. 
No. 8,071,755, both of which are incorporated herein by 
reference in their entireties. In some embodiments, the inhibi 
tor will include singleamino acids or dipeptides, like-(Asp), 
however the size and charge on the moiety can be adjusted, as 
needed, based upon experimentally determined rates of first 
nucleotide incorporation and second nucleotide incorpora 
tion. That is, other embodiments may use more or different 
charged amino acids or other biocompatible charged mol 
ecule. 

0062 Other methods of nucleotide synthesis may be used 
to build de novo oligonucleotides in a template independent 
fashion using nucleotidyl transferases or modified nucleoti 
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dyl transferases. In one embodiment, the polymerase/trans 
ferase enzymes can be modified so that they cease nucleotide 
addition when they encountera modification to the phosphate 
of a 3'-unmodified dNTP analog. This scheme would require 
a deblocking reagent/reaction that modifies the phosphate 
end of the nucleotide analog, which frees up the nascent 
strand for subsequent nucleotide incorporation. Preferred 
embodiments of this approach would use nucleotide analogs 
modified only at the phosphates (alpha, beta or gamma) 
although modifications of the purine/pyrimidine base of the 
nucleotide are allowed. 

0063 Another embodiment for using non-template 
dependent polymerase/transferase enzymes would be to 
using protein engineering or protein evolution to modify the 
enzyme to remain tightly bound and inactive to the nascent 
Strand after each single nucleotide incorporation, thus pre 
venting any Subsequent incorporation until Such time as the 
polymerase/transferase is released from the strand by use of a 
releasing reagent/condition. Such modifications would be 
selected to allow the use of natural unmodified dNTPs instead 
of reversible terminator dNTPs. Releasing reagents could be 
high Salt buffers, denaturants, etc. Releasing conditions could 
be high temperature, agitation, etc. For instance, mutations to 
the Loop 1 and SD1 regions of TdT have been shown to 
dramatically alter the activity from a template-independent 
activity to more of a template dependent activity. Specific 
mutations of interest includebut are not limited to A384/391/ 
392, del loop 1 (386->398), L398A, D339A, F401A, and 
Q402K403C404->E402R403S404. Other means of accom 
plishing the goal of a post-incorporation tight binding (i.e., 
single turnover) TaT enzyme could include mutations to the 
residues responsible for binding the three phosphates of the 
initiator strand including but not limited to K261, R432, and 
R454. 

0064. Another embodiment for using non-template 
dependent polymerase/transferase enzymes would be to use 
protein engineering or protein evolution to modify the 
enzyme to accept 3-blocked reversible terminators with high 
efficiency. Most naturally occurring polymerase/transferase 
enzymes will not incorporate 3'-blocked reversible termina 
tors due to steric constraints in the active site of the enzyme. 
Modifying either single or severalaa residues in the active site 
of the enzyme can allow the highly efficient incorporation of 
3'-blocked reversible terminators into a support bound initia 
tor in a process completely analogous to that described above. 
After incorporation, the 3'-reversible terminator is removed 
with a deblocking reagent/condition thus generating a com 
pletely natural (Scarless) single strand molecule ready for 
Subsequent controlled extension reactions. There are residues 
close to the 3'-OH of the incoming dNTP which explains the 
propensity of TdT for incorporating ribonucleotide triphos 
phates as readily as deoxyribonucleotide triphosphates; resi 
dues including but not limited to those between B1 and B2 
especially R334, Loop 1, and those between C.13 and C.14, 
especially R454, are likely targets for mutagenesis to accom 
modate the bulk of 3'-reversible terminator groups and allow 
their efficient incorporation. In certain embodiments addi 
tional amino acid changes may be required to compensate for 
these residue alterations made to accommodate a 3'-revers 
ible terminator. Another embodiment for using template-de 
pendent polymerases would be to use the either 3'blocked or 
3'unblocked dNTP analogs with a plurality of primer-tem 
plate pairs attached to a solid Support where the template is a 
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nucleic acid analog that Supports polymerase mediated 
primer extension of any of the four bases as specified by the 
USC. 

0065. Another embodiment for using non-template 
dependent polymerase/transferase enzymes can use protein 
engineering or protein evolution to modify the enzyme to 
optimize the use of each of the four different nucleotides or 
even different modified nucleotide analogs in an analog spe 
cific manner. Nucleotide specific or nucleotide analog spe 
cific enzyme variants could be engineered to possess desir 
able biochemical attributes like reduced K, or enhanced 
addition rate which would further reduce the cost of the 
synthesis of desired polynucleotides. 

Solid State Synthesis 

0066. The methods of the invention can be practiced under 
a variety of reaction conditions, however the orderly con 
struction and recovery of desired polynucleotides will, in 
most cases, require a solid Support to which the polynucle 
otides can be grown. In some embodiments, the methods 
include the enzymatically-mediated synthesis of polynucle 
otides on a solid support, as illustrated in FIG. 7. When used 
in conjunction with the NTP linker, inhibitor analogs dis 
cussed above, it is possible to construct specific polynucle 
otide sequences of DNA as well as RNA by using, for 
example, TaT or poly(A) polymerase in an aqueous environ 
ment. As shown in FIG. 13, the TdT can be used to effect the 
stepwise construction of custom polynucleotides by extend 
ing the polynucleotide sequence a stepwise fashion. As dis 
cussed previously, the inhibitor group of each NTP analog 
causes the enzyme to stop with the addition of a nucleotide. 
After each nucleotide extension step, the reactants are washed 
away from the solid support prior to the removal of the inhibi 
tor by cleaving the linker, and then new reactants are added, 
allowing the cycle to start anew. At the conclusion of n cycles 
of extension-remove-deblocking-wash, the finished full 
length, single-strand polynucleotide is complete and can be 
cleaved from the solid support and recovered for subsequent 
use in applications such as DNA sequencing or PCR. Alter 
natively, the finished, full-length, single-strand polynucle 
otide can remain attached to the solid Support for Subsequent 
use in applications such as hybridization analysis, protein or 
DNA affinity capture. In other embodiments, partially 
double-stranded DNA can be used as an initiator, resulting in 
the synthesis of double-stranded polynucleotides. 
0067 Solid supports suitable for use with the methods of 
the invention may include glass and silica Supports, including 
beads, slides, pegs, or wells. In some embodiments, the Sup 
port may be tethered to another structure. Such as a polymer 
well plate or pipette tip. In some embodiments, the solid 
Support may have additional magnetic properties, thus allow 
ing the Support to be manipulated or removed from a location 
using magnets. In other embodiments, the Solid Support may 
be a silica coated polymer, thereby allowing the formation of 
a variety of structural shapes that lend themselves to auto 
mated processing. 

Synthesizers 

0068 To capitalize on the efficiency of the disclosed meth 
ods, an aqueous phase DNA synthesizer can be constructed to 
produce desired polynucleotides in Substantial quantities. In 
one embodiment, a synthesizer will include four wells of the 
described NTP analog reagents, i.e., dCTP, dATP, dGTP, and 
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dTTP, as well as TodT at concentrations sufficient to effect 
polynucleotide growth. A plurality of initiating sequences can 
be attached to a solid Support that is designed to be repeatedly 
dipped into each of the four wells, e.g., using a laboratory 
robot. The robot could be additionally programmed to rinse 
the solid support in wash buffer between nucleotide addi 
tions, cleave the linking group by exposing the Support to a 
deblocking agent, and wash the Solid Support a second time 
prior to moving the solid support to the well of the next 
desired nucleotide. With simple programming, it is possible 
to create useful amounts of desired nucleotide sequences in a 
matter of hours, and with Substantial reductions hazardous 
waste. Ongoing synthesis under carefully controlled condi 
tions will allow the synthesis of polynucleotides with lengths 
in the thousands of base pairs. Upon completion, the exten 
sion products are released from the Solid Support, whereupon 
they can be used as finished nucleotide sequences. 
0069. A highly parallel embodiment could consist of a 
series of initiator-solid supports on pegs in either 96 or 384 
well formats that could be individually retracted or lowered 
so that the pegs can be indexed to contact the liquids in the 
wells in a controlled fashion. The synthesizer could thus 
consist of the randomly addressable peg device, four enzyme 
dNTP analog reservoirs in the same format as the peg device 
(96 or 384 spacing), additional reagent reservoirs (washing, 
deblocking, etc.) in the same format as the peg device (96 or 
384 spacing), and a transport mechanism (e.g., a laboratory 
robot) for moving the peg device from one reservoir to 
anotherina user programmable controlled but random access 
fashion. Care must be taken to avoid contaminating each of 
the four enzyme-dNTP reservoirs since the contents are 
reused throughout the entire synthesis process to reduce the 
cost of each polynucleotide synthesis. 
0070. In alternative embodiments, the reagents (e.g., 
nucleotide analogs, enzymes, buffers) will be moved between 
Solid Supports, allowing the reagents to be recycled. For 
example a system of reservoirs and pumps can move four 
different nucleotide analog solutions, wash buffers, and/or 
reducing agent solutions between one or more reactors in 
which the oligonucleotides will be formed. The reactors and 
pumps can be conventional, or the devices may be con 
structed using microfluidics. Because of the non-anhydrous 
(aqueous) nature of the process, no special care needs to be 
taken in the design of the hardware used to eliminate exposure 
to water. The synthesis process can take place with only 
precautions to control evaporative loss. A highly parallel 
embodiment could consist of a monolithic series of initiator 
solid supports on pegs in either 96 or 384 well format that can 
be interfaced to a series of wells in the same matching format. 
Each well would actually be a reaction chamber that is fed by 
four enzyme-dNTP analog reservoirs and additional reagent 
reservoirs (washing, deblocking, etc.) with appropriate 
valves. Provisions would be made in the fluidics logic to 
recover the enzyme-dNTP reactants in a pristine fashion after 
each extension reaction since they are reused throughout the 
entire synthesis process to reduce the cost of each polynucle 
otide synthesis. In other embodiments, a system of pipetting 
tips could be used to add and remove reagents. 
0071. In certain aspects, polynucleotides may be synthe 
sized using microfluidic devices and/or inkjet printing tech 
nology. An exemplary microfluidic polynucleotide synthesis 
device is shown in FIG. 17 for illustrative purposes and not to 
scale. Microfluidic channels 255, including regulators 257, 
couple reservoirs 253 to a reaction chamber 251 and an outlet 
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channel 259, including a regulator 257 can evacuate waste 
from the reaction chamber 251. Microfluidic devices for 
polynucleotide synthesis may include, for example, channels 
255, reservoirs 253, and/or regulators 257. Polynucleotide 
synthesis may occur in a microfluidic reaction chamber 251 
which may include a number of anchored synthesized nucle 
otide initiators which may include beads or other substrates 
anchored or bound to an interior Surface of the reaction cham 
ber and capable of releasably bonding a NTP analog or poly 
nucleotide initiator. The reaction chamber 251 may include at 
least one intake and one outlet channel 259 so that reagents 
may be added and removed to the reaction chamber 251. The 
microfluidic device may include a reservoir 253 for each 
respective NTP analog. Each of these NTP analog reservoirs 
253 may also include an appropriate amount of TdT or any 
other enzyme which elongates DNA or RNA strands without 
template direction. Additional reservoirs 253 may contain 
reagents for linker/inhibitor cleavage and washing. These 
reservoirs 253 can be coupled to the reaction chamber 251 via 
separate channels 255 and reagent flow through each channel 
255 into the reaction chamber 251 may be individually regu 
lated through the use of gates, valves, pressure regulators, or 
other means. Flow out of the reaction chamber 251, through 
the outlet channel 259, may be similarly regulated. 
0072. In certain instances, reagents may be recycled, par 

ticularly the NTP analog-enzyme reagents. Reagents may be 
drawn back into their respective reservoirs 253 from the reac 
tion chamber 251 via the same channels 255 through which 
they entered by inducing reverse flow using gates, valves, 
pressure regulators or other means. Alternatively, reagents 
may be returned from the reaction chamber 251 to their 
respective reservoirs 253 via independent return channels. 
The microfluidic device may include a controller capable of 
operating the gates, valves, pressure, or other regulators 257 
described above. 

0073. An exemplary microfluidic polynucleotide synthe 
sis reaction may include flowing a desired enzyme-NTPana 
log reagent into the reaction chamber 251; after a set amount 
of time, removing the enzyme-NTP analog reagent from the 
reaction chamber 251 via an outlet channel 259 or a return 
channel; flowing a wash reagent into the reaction chamber 
251; removing the wash reagent from the reaction chamber 
251 through an outlet channel 259; flowing a de-blocking or 
cleavage reagent into the reaction chamber 251; removing the 
de-blocking or cleavage reagent from the reaction chamber 
251 via an outlet channel 259 or a return channel; flowing a 
wash reagent into the reaction chamber 251; removing the 
wash reagent from the reaction chamber 251 through an outlet 
channel 259; flowing the enzyme-NTP analog reagent includ 
ing the next NTP in the desired sequence to be synthesized 
into the reaction chamber 251; and repeating until the desired 
polynucleotide has been synthesized. After the desired poly 
nucleotide has been synthesized, it may be released from the 
reaction chamber anchor or Substrate and collected via an 
outlet channel 259 or other means. 

0.074. In certain aspects, reagents and compounds, includ 
ing NTP analogs, TaT and/or other enzymes, and reagents for 
linker/inhibitor cleavage and/or washing may be deposited 
into a reaction chamber using inkjet printing technology or 
piezoelectric drop-on-demand (DOD) inkjet printing tech 
nology. Inkjet printing technology can be used to form drop 
lets, which can be deposited, through the air, into a reaction 
chamber. Reagent droplets may have Volumes in the picoliter 
to nanoliter scale. Droplets may be introduced using inkjet 
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printing technology at a variety of frequencies including 1 
HZ, 10, HZ, 100 HZ, 1 kHz, 2 kHz, and 2.5 kHz. Various 
reagents may be stored in separate reservoirs within the inkjet 
printing device and the inkjet printing device may deliver 
droplets of various reagents to various discrete locations 
including, for example, different reaction chambers or wells 
withina chip. In certain embodiments, inkjet and microfluidic 
technologies may be combined wherein certain reagents and 
compounds are delivered to the reaction chamber via inkjet 
printing technology while others are delivered via microflu 
idic channels or tubes. An inkjet printing device may be 
controlled by a computing device comprising at least a non 
transitory, tangible memory coupled to a processor. The com 
puting device may be operable to receive input from an input 
device including, for example, a touch screen, mouse, or 
keyboard and to control when and where the inkjet printing 
device deposits a droplet of reagent, the reagent it deposits, 
and/or the amount of reagent deposited. 
0075. In certain instances, a desired polynucleotide 
sequence may be entered into the computing device through 
an input device wherein the computing device is operable to 
perform the necessary reactions to produce the desired poly 
nucleotide sequence by sequentially depositing the appropri 
ate NTP analog, enzyme, cleavage reagent, and washing 
reagent, in the appropriate order as described above. 
0076. After synthesis, the released extension products can 
to be analyzed by high resolution PAGE to determine if the 
initiators have been extended by the anticipated number of 
bases compared to controls. A portion of the recovered syn 
thetic DNA may also be sequenced to determine if the syn 
thesized polynucleotides are of the anticipated sequence. 
0077. Because the synthesizers are relatively simple and 
do not require the toxic components needed for phosphora 
midite synthesis, synthesizers of the invention will be widely 
accessible for research institutions, biotechs, and hospitals. 
Additionally, the ability to reuse/recycle reagents will reduce 
the waste produced and help reduce the costs of consumables. 
The inventors anticipate that the methods and systems will be 
useful in a number of applications, such as DNA sequencing, 
PCR, and synthetic biology. 

INCORPORATION BY REFERENCE 

0078 References and citations to other documents, such 
as patents, patent applications, patent publications, journals, 
books, papers, web contents, have been made throughout this 
disclosure. All Such documents are hereby incorporated 
herein by reference in their entirety for all purposes. 

EQUIVALENTS 

0079 Various modifications of the invention and many 
further embodiments thereof, in addition to those shown and 
described herein, will become apparent to those skilled in the 
art from the full contents of this document, including refer 
ences to the scientific and patent literature cited herein. The 
Subject matter herein contains important information, exem 
plification and guidance that can be adapted to the practice of 
this invention in its various embodiments and equivalents 
thereof. 
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SEQUENCE LISTING 

<16O is NUMBER OF SEO ID NOS: 6 

<210s, SEQ ID NO 1 
&211s LENGTH: 52O 
212. TYPE: PRT 

&213s ORGANISM: Bos taurus 

<4 OOs, SEQUENCE: 1 

Met Ala Glin Glin Arg Gln His Glin Arg Lieu Pro Met Asp Pro Lieu. Cys 
1. 5 1O 15 

Thir Ala Ser Ser Gly Pro Arg Llys Lys Arg Pro Arg Glin Val Gly Ala 
2O 25 3O 

Ser Met Ala Ser Pro Pro His Asp Ile Llys Phe Glin Asn Lieu Val Lieu. 
35 4 O 45 

Phe Ile Leu Glu Lys Lys Met Gly Thr Thr Arg Arg Asn Phe Leu Met 
SO 55 6 O 

Glu Lieu Ala Arg Arg Lys Gly Phe Arg Val Glu Asn. Glu Lieu. Ser Asp 
65 70 7s 8O 

Ser Val Thr His Ile Val Ala Glu Asn Asn Ser Gly Ser Glu Val Lieu. 
85 90 95 

Glu Trp Lieu. Glin Val Glin Asn. Ile Arg Ala Ser Ser Glin Lieu. Glu Lieu. 
1OO 105 11 O 

Lieu. Asp Wal Ser Trp Lieu. Ile Glu Ser Met Gly Ala Gly Llys Pro Val 
115 12 O 125 

Glu Ile Thr Gly Llys His Glin Lieu Val Val Arg Thr Asp Tyr Ser Ala 
13 O 135 14 O 

Thr Pro Asn Pro Gly Phe Gln Lys Thr Pro Pro Leu Ala Val Lys Lys 
145 150 155 160 

Ile Ser Glin Tyr Ala Cys Glin Arg Llys Thir Thr Lieu. Asn. Asn Tyr Asn 
1.65 17O 17s 

His Ile Phe Thr Asp Ala Phe Glu Ile Leu Ala Glu Asn Ser Glu Phe 
18O 185 19 O 

Lys Glu Asn Glu Val Ser Tyr Val Thr Phe Met Arg Ala Ala Ser Val 
195 2OO 2O5 

Lieu Lys Ser Leu Pro Phe Thr Ile Ile Ser Met Lys Asp Thr Glu Gly 
21 O 215 22O 

Ile Pro Cys Lieu. Gly Asp Llys Val Lys Cys Ile Ile Glu Glu Ile Ile 
225 23 O 235 24 O 

Glu Asp Gly Glu Ser Ser Glu Val Lys Ala Val Lieu. Asn Asp Glu Arg 
245 250 255 

Tyr Glin Ser Phe Lys Lieu Phe Thr Ser Val Phe Gly Val Gly Lieu Lys 
26 O 265 27 O 

Thir Ser Glu Lys Trp Phe Arg Met Gly Phe Arg Ser Leu Ser Lys Ile 
27s 28O 285 

Met Ser Asp Llys Thr Lieu Lys Phe Thr Lys Met Gln Lys Ala Gly Phe 
29 O 295 3 OO 

Lieu. Tyr Tyr Glu Asp Lieu Val Ser Cys Val Thr Arg Ala Glu Ala Glu 
3. OS 310 315 32O 

Ala Val Gly Val Lieu Val Lys Glu Ala Val Trp Ala Phe Lieu Pro Asp 
3.25 330 335 

Ala Phe Val Thr Met Thr Gly Gly Phe Arg Arg Gly Lys Lys Ile Gly 
34 O 345 35. O 
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- Continued 

His Asp Val Asp Phe Lieu. Ile Thir Ser Pro Gly Ser Ala Glu Asp Glu 
355 360 365 

Glu Gln Lieu. Lieu Pro Llys Val Ile Asn Lieu. Trp Glu Lys Lys Gly Lieu. 
37 O 375 38O 

Lieu. Lieu. Tyr Tyr Asp Lieu Val Glu Ser Thr Phe Glu, Llys Phe Llys Lieu. 
385 390 395 4 OO 

Pro Ser Arg Glin Val Asp Thr Lieu. Asp His Phe Glin Lys Cys Phe Lieu. 
4 OS 41O 415 

Ile Lieu Lys Lieu. His His Glin Arg Val Asp Ser Ser Lys Ser Asn Glin 
42O 425 43 O 

Glin Glu Gly Lys Thir Trp Lys Ala Ile Arg Val Asp Lieu Val Met Cys 
435 44 O 445 

Pro Tyr Glu Asn Arg Ala Phe Ala Lieu. Lieu. Gly Trp Thr Gly Ser Arg 
450 45.5 460 

Glin Phe Glu Arg Asp Ile Arg Arg Tyr Ala Thr His Glu Arg Llys Met 
465 470 47s 48O 

Met Lieu. Asp Asn His Ala Lieu. Tyr Asp Llys Thr Lys Arg Val Phe Lieu. 
485 490 495 

Lys Ala Glu Ser Glu Glu Glu Ile Phe Ala His Lieu. Gly Lieu. Asp Tyr 
SOO 505 51O 

Ile Glu Pro Trp Glu Arg Asn Ala 
515 52O 

<210s, SEQ ID NO 2 
&211s LENGTH: 1923 
&212s. TYPE: DNA 
&213s ORGANISM: Bos taurus 

<4 OOs, SEQUENCE: 2 

Ctcttctgga gataccactt gatggcacag cagaggcagc at Cagcgt.ct tcc catggat 6 O 

cc.gctgtgca cagcct cotc aggcc ct cq9 aagaa.gagac C caggcaggt gggtgcctica 12 O 

atggcct c cc ctic ct catga catcaagttt caaaatttgg to citctt cat tittggagaag 18O 

aaaatgggaa ccaccc.gcag aaact tcct c atggagctgg Ctcgaaggala aggttt Cagg 24 O 

gttgaaaatg agcticagtga ttctgtcacc cacattgtag cagaaaacaa citctggttca 3OO 

gaggttctic agtggctt Cagg tacagaac atalaga.gc.ca gct cqcagct agaactic Ctt 360 

gatgtctic ct ggctgatcga aagtatggga gCaggaaaac Cagtggagat tacaggaaaa 42O 

caccagcttgttgtgagaac agact attca gct accc caa acccaggct t c cagaag act 48O 

ccaccacttg citgitaaaaaa gat ct cocag tacgcgtgtc. aaagaaaaac cactittgaac 54 O 

aactataacc acatatt cac gigatgcctitt gagatactgg ctgaaaattic tdagtttaaa 6OO 

gaaaatgaag tot cittatgt gacatttatg agagcagctt ctd tacttaa atctotgc.ca 660 

ttcacaatca t cagtatgaa ggatacagaa ggaattic cct gcctggggga Caaggtgaag 72 O 

tgitat catag aggaaatt at talagatgga gaaagttctgaagttaaagc tigtgttaaat 78O 

gatgaacgat at cagt cctt caaactictitt acttctgttt ttggagtggg actgaagaca 84 O 

tctgagaaat ggttcaggat ggggttcaga t ct ctgagta aaataatgtc. agacaaaac C 9 OO 

ctgaaattica caaaaatgca gaaag cagga titt ct citatt atgaagacct tdt cagotgc 96.O 

gtgacCaggg ccgaag caga ggcggttggc gtgctggitta aagaggctgt gtgggcattt 1 O2O 

Ctgc.cggatg cctttgtcac catgacagga ggatt cogca ggggtaagaa gattgggcat 108 O 
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- Continued 

gatgtagatt ttittaattac Cagcc cagga t cagcagagg atgalaga.gca acttittgcct 14 O 

aaagtgataa act tatggga aaaaaaggga t tact tittat attatgacct ttggagtica 2OO 

acatttgaaa agttcaagtt gccaa.gcagg caggtggata ctittagat.ca ttittcaaaaa 26 O 

tgctttctgattittaaaatt gcaccatcag agagtagaca gtagcaagtic caaccagoag 32O 

gaaggaaaga Cctggaaggc catc.cgtgtg gacctggitta totgc.ccct a cdagalaccgt 38O 

gcctittgc cc tictaggctg gactggct co CGgcagtttg agagaga cat CC9gcgctat 44 O 

gccacacacg agcggalagat gatgctggat aaccacgctt tatatgacaa gaccalagagg SOO 

gtatttctica aag.cggaaag taagaagaa atctttgcac atctgggatt ggact acatt 560 

gaac catggg aaagaaatgc titaggaga aa gotgtcaact tttittcttitt citgttcttitt 62O 

titt caggitta gacaaattat gct tcatatt ataatgaaag atgcct tagt caagtttggg 68O 

attctttaca ttttaccaag atgtagattig cittctagaaa taagtag titt toggaaacgtg 74 O 

at Cagg cacc C cctgggitta totctggca agc catttgc aggactgatgttagaactic 8OO 

gcaatgcatt titc catagala acagtgttgg aattggtggc ticatttic cag ggaagttcat 86 O 

caaag.cccac tittgcc caca gtgtagctga aatactgtat acttgccaat aaaaatagga 92 O 

aac 923 

<210s, SEQ ID NO 3 
& 211 LENGTH 465 
212. TYPE: PRT 

<213> ORGANISM: Escherichia coli 

<4 OOs, SEQUENCE: 3 

Met Phe Thr Arg Val Ala Asn. Phe Cys Arg Llys Val Lieu. Ser Arg Glu 
1. 5 1O 15 

Glu Ser Glu Ala Glu Glin Ala Val Ala Arg Pro Glin Val Thr Val Ile 
2O 25 3O 

Pro Arg Glu Gln His Ala Ile Ser Arg Lys Asp Ile Ser Glu Asn Ala 
35 4 O 45 

Lieu Lys Wal Met Tyr Arg Lieu. Asn Lys Ala Gly Tyr Glu Ala Trp Lieu. 
SO 55 6 O 

Val Gly Gly Gly Val Arg Asp Lieu. Lieu. Lieu. Gly Llys Llys Pro Lys Asp 
65 70 7s 8O 

Phe Asp Val Thir Thr Asn Ala Thr Pro Glu Glin Val Arg Llys Lieu Phe 
85 90 95 

Arg Asn. Cys Arg Lieu Val Gly Arg Arg Phe Arg Lieu Ala His Val Met 
1OO 105 11 O 

Phe Gly Pro Glu Ile Ile Glu Val Ala Thr Phe Arg Gly His His Glu 
115 12 O 125 

Gly Asn Val Ser Asp Arg Thir Thir Ser Glin Arg Gly Glin Asn Gly Met 
13 O 135 14 O 

Lieu. Lieu. Arg Asp Asn. Ile Phe Gly Ser Ile Glu Glu Asp Ala Glin Arg 
145 150 155 160 

Arg Asp Phe Thr Ile Asn Ser Leu Tyr Tyr Ser Val Ala Asp Phe Thr 
1.65 17O 17s 

Val Arg Asp Tyr Val Gly Gly Met Lys Asp Lieu Lys Asp Gly Val Ile 
18O 185 19 O 

Arg Lieu. Ile Gly ASn Pro Glu Thir Arg Tyr Arg Glu Asp Pro Val Arg 
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195 2OO 2O5 

Met Lieu. Arg Ala Val Arg Phe Ala Ala Lys Lieu. Gly Met Arg Ile Ser 
21 O 215 22O 

Pro Glu Thir Ala Glu Pro Ile Pro Arg Lieu Ala Thr Lieu. Lieu. Asn Asp 
225 23 O 235 24 O 

Ile Pro Pro Ala Arg Lieu. Phe Glu Glu Ser Lieu Lys Lieu. Lieu. Glin Ala 
245 250 255 

Gly Tyr Gly Tyr Glu Thr Tyr Lys Lieu. Lieu. Cys Glu Tyr His Leu Phe 
26 O 265 27 O 

Gln Pro Leu Phe Pro Thr Ile Thr Arg Tyr Phe Thr Glu Asn Gly Asp 
27s 28O 285 

Ser Pro Met Glu Arg Ile Ile Glu Glin Val Lieu Lys Asn Thr Asp Thr 
29 O 295 3 OO 

Arg Ile His Asn Asp Met Arg Val Asn Pro Ala Phe Lieu. Phe Ala Ala 
3. OS 310 315 32O 

Met Phe Trp Tyr Pro Leu Lleu. Glu Thir Ala Gln Lys Ile Ala Glin Glu 
3.25 330 335 

Ser Gly Lieu. Thir Tyr His Asp Ala Phe Ala Lieu Ala Met Asn Asp Wall 
34 O 345 35. O 

Lieu. Asp Glu Ala Cys Arg Ser Lieu Ala Ile Pro Lys Arg Lieu. Thir Thr 
355 360 365 

Lieu. Thir Arg Asp Ile Trp Gln Lieu. Glin Lieu. Arg Met Ser Arg Arg Glin 
370 375 380 

Gly Lys Arg Ala Trp Llys Lieu. Lieu. Glu. His Pro Llys Phe Arg Ala Ala 
385 390 395 4 OO 

Tyr Asp Lieu. Lieu Ala Lieu. Arg Ala Glu Val Glu Arg Asn Ala Glu Lieu. 
4 OS 41O 415 

Glin Arg Lieu Val Lys Trp Trp Gly Glu Phe Glin Val Ser Ala Pro Pro 
42O 425 43 O 

Asp Gln Lys Gly Met Lieu. Asn. Glu Lieu. Asp Glu Glu Pro Ser Pro Arg 
435 44 O 445 

Arg Arg Thr Arg Arg Pro Arg Lys Arg Ala Pro Arg Arg Glu Gly Thr 
450 45.5 460 

Ala 
465 

<210s, SEQ ID NO 4 
&211s LENGTH: 1398 
&212s. TYPE: DNA 
<213> ORGANISM: Escherichia coli 

<4 OOs, SEQUENCE: 4 

atttitt accc gag togctaa tttittgcc.gc aaggtgctaa gcc.gc.gagga aag.cgaggct 6 O 

gaac aggcag ticgc.ccgt.cc acaggtgacg gtgat CCCC gtgagcagca totattitcC 12 O 

cgcaaagata t cagtgaaaa tocctgaag gtaatgtaca ggct caataa agcgggatac 18O 

gaagcctggc tiggttggcgg C9gcgtgcgc gacctgttac ttggcaaaaa gCC gaaagat 24 O 

tittgacgtaa C Cactaacgc cacgc.ctgag caggtgcgca aactgttc.cg taact gcc.gc 3OO 

Ctggtgggtc gcc.gtttc.cg tctggct cat gtaatgtttg gcc.cggagat tat Caagtt 360 

gcgacCttico gtggacacca Caaggtaac git cagcgacc gcacgacct C C Caacgcggg 42O 

caaaacggca tttgctg.cg cgacalacatt titcggct coa ticgaagaaga CCCC agcgc 48O 
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1. A method for synthesizing an oligonucleotide, compris- wherein the nucleotide analog comprises a nucleotide 
ing: coupled, by a cleavable linker, to an inhibitor that pre 

vents the nucleotidyl transferase from catalyzing incor 
exposing an oligonucleotide attached to a solid Support to poration of a nucleotide oran additional nucleotide ana 

a nucleotide analog in the presence of a nucleotidyl log into said oligonucleotide until said inhibitor is 
transferase enzyme and in the absence of a nucleic acid removed by cleavage of said cleavable linker. 
template Such that the nucleotide analog is incorporated 2. The method of claim 1, wherein the nucleotide analog 
into the oligonucleotide, comprises the following structure: 

Cleavable Linker-Inhibitor, or 1. 

Cleavable Linker-Inhibitor, or 

Cleavable Linker-Inhibitor, or 

NN 

Cleavable Linker-Inhibitor, or 

Cleavable Linker-Inhibitor. 
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3. The method of claim 1, wherein the nucleotide analog 
comprises the following structure: 

Cleavable Linker-Inhibitor, or 

-Cleavable Linker-Inhibitor, or 
N 
H 

Cleavable Linker-Inhibitor, or 
HN 

-Cleavable Linker-Inhibitor, or 
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4. The method of claim 1, wherein the nucleotide analog 
comprises the following cleavable linker structure: 

O O 

l 1N1 S-S S 
NTP X pi Inhibitor, 

wherein NTP-nucleotide triphosphate, n=1, 2, 3, or 4, and 
X- is —O— —S— —NH-, or —CH2 

5. The method of claim 1, wherein the nucleotide analog 
has the following cleavable linker structure: 

O 

----- 
O OH 

NTP H 
N-Inhibitor, 

wherein NTP-nucleotide triphosphate. —X— is —O , 
—S— —NH-, or —CH2—. 

6. The method of claim 1, wherein the nucleotide analog 
has the following inhibitor structure: 

O 

ul S-S CH)-O-P-O-P-O-P-O, or -N1-S Sn-(CH2). 
O. O. O. 

O 

l S-S (CH)-O-P-O-P-O, or NTP x1\-1 N1 - '2 in 
O O 

O 

ls S-S (CH)-O-P-O NTP 1N1 N1 
O 

wherein NTP-nucleotide triphosphate, n=1, 2, 3, or 4, and 
X- is —O— —S— —NH-, or —CH2 

7. The method of claim 1, wherein the nucleic acid attached 
to the Solid Support is exposed to the nucleotide analog in the 
presence of an aqueous solution having a pH between about 
6.5 and 8.5. 

8. The method of claim 1, the nucleic acid attached to the 
Solid Support is exposed to the nucleotide analog in the pres 
ence of an aqueous solution at a temperature between about 
35 and 39° C. 

22 
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9. The method of claim 1, wherein the solid support is a 
bead, a well, or a peg. 

10. The method of claim 1, wherein the nucleic acid is 
single stranded. 

11. The method of claim 1, wherein the cleavable linker 
comprises a moiety that forms a cyclic by-product when 
cleaved from the nucleotide analog. 

12. The method of claim 1, further comprising: 
cleaving the cleavable linker in order to produce a native 

nucleotide; and 
exposing the native nucleotide to a second nucleotide ana 

log in the presence of a nucleotidyl transferase enzyme 
and in the absence of a nucleic acid template. 

13. The method of claim 1, further comprising providing an 
aqueous solution comprising the nucleotide analog and the 
nucleotidyl transferase enzyme. 

14. The method of claim 1, wherein the inhibitor comprises 
a charged moiety. 

15. The method of claim 14, wherein the charged moiety 
comprises a negative charge. 

16. The method of claim 15, wherein the inhibitor com 
prises an amino acid with a negative charge. 

17. The method of claim 16, wherein the amino acid is 
acetylated. 

18. The method of claim 14, wherein the charged moiety 
comprises a positive charge. 

19. The method of claim 18, wherein the inhibitor com 
prises an amino acid with a positive charge. 

20. The method of claim 19, wherein the amino acid is 
acetylated. 

21. The method of claim 1, wherein the nucleotide analog 
comprises a ribose Sugar or a deoxyribose Sugar. 

22. The method of claim 1, wherein the nucleotide sub 
strate comprises a base selected from the group consisting of 
adenine, guanine, cytosine, thymine, and uracil. 

23. The method of claim 1, wherein the nucleotidyl trans 
ferase comprises a protein sequence that is at least about 90% 
identical to SEQID NO.1, SEQID NO. 3, or SEQID NO. 5. 

24. The method of claim 1, wherein the nucleotidyl trans 
ferase originates from an organism having a nucleotide 
sequence that is at least about 90% identical to SEQID NO. 
2, SEQID NO. 4, or SEQID NO. 6. 

25. The method of claim 1, wherein the nucleotide analog 
is encapsulated in a droplet. 

26. The method of claim 1, wherein the nucleotidyl trans 
ferase enzyme is encapsulated in a droplet. 
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